Proximal spinal muscular atrophy (SMA) is a motor neuron degeneration disorder for which there is currently no effective treatment. Here, we report three compounds (sodium vanadate, trichostatin A and aclarubicin) that effectively enhance SMN2 expression by inducing Stat5 activation in SMA-like mouse embryonic fibroblasts and human SMN2-transfected NSC34 cells. We found that Stat5 activation enhanced SMN2 promoter activity with increase in both full-length and deletion exon 7 SMN transcripts in SMN2-NSC34 cells. Knockdown of Stat5 expression disrupted the effects of sodium vanadate on SMN2 activation but did not influence SMN2 splicing, suggesting that Stat5 signaling is involved in SMN2 transcriptional regulation. In addition, constitutive activation of Stat5 mutant (Stat5A1 * 6) profoundly increased the number of nuclear gems in SMA-patient lymphocytes and reduced SMA-like motor neuron axon outgrowth defects. These results demonstrate that Stat5 signaling could be a possible pharmacological target for treating SMA.
INTRODUCTION
Proximal spinal muscular atrophy (SMA) is an autosomal recessive disease characterized by degeneration of the anterior horn cells of the spinal cord. It is divided into three types based on clinical severity and age of onset (1) . Two survival motor neuron (SMN ) genes are typically present on chromosome 5q13: SMN1 (SMN T ) and SMN2 (SMN C ). Loss-of-function mutations of both copies of the telomeric gene, SMN1, are correlated with the development of SMA (2 -5) . The nearly identical centromeric gene SMN2, which is typically not mutated in SMA, appears to modify disease severity according to the amount of full-length protein it produces, since SMN protein levels from this gene are correlated with disease severity. However, the expressed amount of intact SMN protein from SMN2 does not provide adequate protection from SMA (4,6 -8) . The differences between SMN1 and SMN2 lie in their RNA expression patterns (9 -11) . Most SMN2 transcripts lack exon 3, 5 or most frequently 7, with only a small amount of full-length mRNA generated. In contrast, the SMN1 gene expresses mostly full-length mRNA, with only a small fraction of its transcripts spliced to remove exon 3, 5, or 7 (2, 12) . Recent studies have also shown that an AG-rich exonic splice enhancer in the center of SMN exon 7 is required for constitutive inclusion of exon 7 (13, 14) and contributes to the production of a small amount of full-length SMN2 transcripts. Clearly, SMN protein is a critical SMA determinant, and the amount of SMN protein expressed correlates with the severity of pathologies in human SMA patients and SMA mouse models (6, 7, 15, 16) .
A major issue in SMA pathology is why the SMN protein level is high in all organs but much lower in the spinal cord relative to other tissue under SMA conditions. This decrease in SMN production in the spinal cord may be accounted for by differences in transcriptional and/or tissue-specific regulation of SMN promoters (17) . Several cis-elements have been investigated including the region that is responsive to (b-and g-interferon (IFN) and the IRF-1 transcription factor. In addition, enhanced SMN expression in IFN-treated SMA patient fibroblasts supports the expectation that up-regulation of SMN expression represents a potential therapeutic target (18 -20) . N-methyl-D-aspartate glutamate receptor stimulation (21) was also found to up-regulate SMN expression in rat cerebellar granule cells; however, the underlying mechanism responsible for this response remains unclear.
At present, no cure for SMA is available. However, in the search for effective therapies, SMA has an advantage over other diseases in that SMN2 is still present in patients and # The Author 2007. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org *To whom correspondence should be addressed. Tel: þ886 227880460; Fax: þ886 22782 6085; Email: hungli@ccvax.sinica.edu.tw Human Molecular Genetics, 2007, Vol. 16, No. 5 499-514 doi:10.1093/hmg/ddl482 Advance Access published on January 12, 2007 provides a natural target for therapeutic intervention. One approach to the treatment of SMA is to augment SMN protein levels, either by preventing exon 7 skipping in SMN2 transcripts or by increasing overall transcription from the SMN2 locus. Much work has already been done to identify factors, chemical compounds or other strategies that can be used to either suppress the exclusion of SMN2 exon 7 or enhance SMN2 expression (14,18,19,22 -29) . Among these, one group of chemicals identified, which includes sodium butyrate (23) , valproic acid (VPA, 2-propylpentanoic acid) (24, 25) and sodium phenylbutyrate (26 -28) are histone deacetylase (HDAC) inhibitors, suggesting that drugs in this category may share certain signaling pathways. In addition to the HDAC inhibitors, aclarubicin (22) and sodium vanadate (29) have also been shown to restore correct SMN2 splicing pattern, and sodium vanadate is the first compound to have been found that can change the endogenous SMN2 splicing pattern. Sodium vanadate has been used clinically for the treatment of diabetes (30, 31) . It mimics the NGF-induced neuroprotective signaling pathway (32) and is believed to promote neuronal survival (33) . In order to identify the common molecular pathway involved in the drugs inducing the expression of SMN2 locus, and to look for a better target for the treatment of SMA, we selected five known compounds [sodium butyrate, sodium vanadate, trichostatin A (TSA), aclarubicin, hydroxyurea] which we had previously tested and we knew to influence SMN2 expression in type I SMA patient-derived lymphocytes and tested them in SMA-like mouse embryonic fibroblasts (MEFs). We excluded sodium butyrate and hydroxyurea from subsequent tests due to their necessity for an excessive dosage or inefficiency in treating SMA-like MEFs and focused on TSA (an HDAC inhibitor) (34) , aclarubicin (a topoisomerase II inhibitor) (35) and sodium vanadate (a tyrosine phosphatase inhibitor) (36) which were effective in treating SMA-like MEFs. We further analyzed the effect of TSA, aclarubicin and sodium vanadate treatment in an intact human SMN2 (35.5 kb)-transfected NSC34 cell. The experiment revealed results similar to the results obtained with SMA-like MEFs and demonstrated that the three compounds can also influence SMN2 expression in motor neurons. Because sodium vanadate is a well-known protein tyrosine phosphatase (PTP) inhibitor and was also the most effective compound in treating cells, we decided to screen a series of signaling molecules that are involved in tyrosine phosphorylation and the receptor tyrosine kinase (RTK) cascade and its downstream transcription factors. We found that TSA, aclarubicin and sodium vanadate all induce the activation of Stat5 (signal transducers and activators of transcription 5) in the motor neuron-like NSC34 cell. Stat5A was first identified as a mammary gland factor. Subsequent analysis showed that there were actually two closely related genes, Stat5A and Stat5B. Knockout of mouse double Stat5 gene led to defects in mammary gland development, T-cell proliferation, reduced levels of IGF-1 (insulin-like growth factor-1) and death within a few weeks of birth (37 -45) . It is currently unknown whether Stat5 is involved in SMN regulation; however, an IFN response element (IRE) is included in SMN2 promoter, and a previous study (18) indicated that SMN level is increased by treating SMA patient-derived fibroblasts with b-and g-IFN, suggesting the possibility that SMN2 could be a downstream target for cytokine stimulating factors, such as Stat family proteins.
Constitutive expression of activated Stat5 mutant (Stat5A1 Ã 6) (46) can increase SMN2 expression, suggesting that Stat5 might be a common target for drug-induced SMN2 expression. Furthermore, activation of Stat5A (Stat5A1 Ã 6) profoundly increased the number of nuclear gems in SMA patient lymphocytes and enhanced axon outgrowth in primary cultured SMA-like motor neurons. Our results demonstrate that the Stat5 signaling pathway may contribute to a pharmacological treatment of SMA by transcription activation of SMN2, and therefore Stat5 signaling might be a therapeutic target for SMA therapy.
RESULTS

Three known compounds influence SMN2 expression in fibroblast and neuronal cells
In order to test whether different selective compounds can influence SMN2 expression in different cell lines, we used SMA-like MEFs (Smn 2 /2, SMN2) (SMN2 copy number¼3 as determined by semi-quantification PCR) to mimic type I SMA patients for the first round screening and SMN2 (35.5 kb) transfected motor neuron-like NSC34 cells (SMN2-NSC34) for the second round screening. Following a series of time-course RT -PCR analyses, sodium vanadate, TSA and aclarubicin were all found to influence SMN2 expression in SMA-like MEFs (Table 1 , Fig. 1A -C) . The three compounds were further tested in SMN2-NSC34 cells and the results were similar to those found in treating SMA-like MEFs (Table 1 , Fig. 1D -F) . The full-length SMN2 expression level was enhanced after treatment with sodium vanadate for 2-4 h ( Fig. 1A and D ; data not shown) and the other two compounds for 4 -8 h (Fig. 1B , C, E and F). Although the three compounds were all effective, sodium vanadate seemed to be most efficient because the time taken for the full-length SMN2 transcript to increase was the fastest and the relative increase of full-length SMN2 transcripts was greater than with TSA or aclarubicin. These results suggest that these three compounds may activate similar mechanisms involved in SMN2 expression in both fibroblasts and neuronal cells.
Stat5 was activated by treatment with sodium vanadate, TSA and aclarubicin in SMN2-NSC34 cells Sodium vanadate is known as a PTP inhibitor; we were therefore interested in whether the regulation of PTPs is involved in stimulation of SMN2. In addition, inhibition of PTP signaling may conversely increase tyrosine kinase activity and it is well known that src homology 2 (SH2) domain-containing proteins mediate the signaling pathways of RTKs (47) . Previous studies have also identified some cis-elements in SMN2 promoter, including IRE, and g-IFN treatment in SMA-patient-derived fibroblasts increased SMN expression (18, 19) . Stat family proteins that are phosphorylated at tyrosine residues activate SH2-mediated dimerization followed by rapid nuclear translocation. Stat proteins form homo-or heterodimers that recognize IRE or GAS elements (g-IFN-activated sequence) in the promoter region (48 or aclarubicin for 4 h, the phosphorylation level of Stat5 was increased and remained activated at 8 h ( Fig. 2A -C) . Jak2, an upstream protein kinase of Stat5, was also activated at 2 -4 h after sodium vanadate treatment ( Fig. 2A) suggesting that sodium vanadate treatment activates the Jak2/Stat5 signaling pathway in neuronal cells. Other Stat family proteins were also influenced, but the level of any effects was lower than the activation of Stat5 (Supplementary Material, Figure S1 ). TSA and aclarubicin also induced Jak2 phosphorylation at 4 h, but this did not last 8 h (Fig. 2B and C) .
The Stat5 signal transduction pathway influences SMN2 expression
To further test whether phospho-Stat5 expression influenced SMN2 expression, we constructed a constitutively activated Stat5A mutant (Stat5A1 Ã 6) and transfected it into SMN2-NSC34 cells. Surprisingly, the results showed that both full-length and deletion exon 7 SMN2 transcripts increased (Fig. 3A) . Analysis of SMN2 expression by semiquantitive RT -PCR showed SMN2 transcripts significantly increased 1.8-fold (4 mg Stat5A1 Ã 6) and 2.2-fold (2 mg of Stat5A1 Ã 6) when SMN2-NSC34 cells were transfected with Stat5A1 Ã 6 (Fig. 3B) . It is worth noting that SMN2 splicing pattern was not changed, suggesting that Stat5 does not influence the SMN2 alternative splicing. To further confirm whether Stat5 can regulate SMN2 activity, a 5.4 kb SMN2 promoter-derived luciferase expression vector was generated and co-transfected with Stat5A1 Ã 6 into the NSC34 cells. The results showed that the luciferase activity increased 3-fold (11.04 + 0.697 to 45.59 + 10.24) when Stat5A1 Ã 6 was expressed (Fig. 3C ). Furthermore, we analyzed SMN expression level in a dosage-dependent increase of Stat5A1 Ã 6 over-expressed SMN2-NSC34 cell through western blot analyses. The result showed that SMN protein level significantly increased 2.6 and 4.6-fold (Fig. 3D) . These results are consistent with the previous result showing that the full-length SMN2 transcript increased.
To further investigate whether SMN may be a downstream target for Stat5 recognition, we analyzed the promoter sequence of both murine and human SMN gene. Sequence analysis showed two conserved Stat5 binding sites (TTCNNNGAA/ TTCNNNTAA) in murine Smn promoter (NCBI accession no. AF027668). However, no Stat5 conserved binding site could be found in human SMN2 promoter (NCBI accession no. AF027688). In addition, an element (CTCNNNTAA) that was similar to the Stat5 binding site appeared three times in SMN2 promoter, the locations are 2413 to 2409 bp, 22338 to 22330 bp and 23881 to 23873 bp downstream of the SMN2 start codon (þ1). We . Cell lysates were extracted at the indicated time point and subjected to SDS-gel electrophoresis. After electroblotting, blots were incubated with specific antibodies against phospho-Stat5A/B, phospho-Jak2 and a-tubulin, respectively, and detected by chemiluminescence. a-Tubulin was used as an internal control. The Stat5 activation level was normalized to a-tubulin. Results represent mean + SEM from three independent experiments. Ã P , 0.05 and ÃÃ P , 0.009 when compared with control cells which were treated with H 2 O or 70% ethanol, by t-test.
therefore tested whether Stat5 has binding capacity to the predicted binding site in the SMN2 promoter by an EMSA alternative assay. We induced Stat5 activity by treating SMN2-NSC34 with sodium vanadate for 5 h. Nuclear extracts (3 and 6 ml) from NSC34 cells with and without sodium vanadate treatment were first incubated with the double strand 3 0 -biotinylated putative Stat5 recognition sequence (CCCAGTCTCTACTAAATA-CAA) and then the DNA-protein complex identified with the phospho-Stat5 antibody. In the absence of sodium vanadate treatment, the signal-to-background ratio was 2.13:1. When the cells were treated with sodium vanadate, the ratio increased to 3.34:1 (Fig. 4A) . To measure the protein concentration dependence of the binding assay, we performed the experiment with increasing amounts of sodium vanadate induced SMN2-NSC34 cell nuclear extract. The result showed linearity between 0.1 and 8.1 ml of nuclear extract (0.8 and 64.8 mg) (Fig. 4B ). In addition, competition analysis was performed to further determine the sequence specificity of Stat5 to the putative Stat5 binding site in the SMN2 promoter. Both non-biotinylated specific competitor (same sequence as the normal oligonucleotide) and Stat5 consensus competitor (AGATTTCTAGGAATTC AATCC) effectively competed for Stat5 binding to the putative Stat5 binding site. The signal-to-background ratios of 3.11:1 ( Fig. 4C ) and 2.5:1 ( Fig. 4D) were achieved in the absence of competitor. When a 2.5-40-fold molar excess of biotinylated specific competitor was added, the signal-to-background ratio was 1.32:1 (Fig. 4C) . Addition of 5-40 ng Stat5 consensus competitor considerably decreased the signal-to-background ratio to 1.11:1 (Fig. 4D) . Moreover, neither non-specific competitor, transcription factor SP1 consensus binding oligonucleotide (GCTCGCCCCGCCC CGATCGAAT), nor a mutated, non-biotinylated Stat5 putative SMN2 binding sequence (CCCAGTCTTTACTTAATACAA) Figure 3 . Stat5 constitutive expression activates SMN2 expression. (A) Increasing amounts (2-6 mg) of a constitutively activated Stat5A mutant (Stat5A1 Ã 6) were transiently transfected into SMN2-NSC34 cells and then SMN2 expression was analyzed by RT-PCR. Expression of activated Stat5 led to a remarkable increase of FL-SMN2 and D7-SMN2 transcripts in a dose-dependent manner. Bottom: western blot analysis of constitutively activated Stat5. Mock lysate (V, vector only) from SMN2-NSC34 cells was used to visualize endogenous phospho-Stat5. Flag-tagged Stat5 was determined using anti-Flag antibody and phosphoStat5 antibody. c-Myc antibody was used as a positive control for Stat5 activation. b-Actin and a-tubulin were used as a loading control. (B) Total SMN transcripts were determined using specific primer pairs that recognize SMN2 exons 2a and 6 through semi-quantitative RT-PCR analysis. The SMN expression was normalized with Gapdh mRNA signal.
Ã P , 0.05 and ÃÃ P , 0.0001 when compared with mock control, by t-test. (C) A 5.4 kb SMN2 gene promoter derived luciferase vector was co-transfected with/without Stat5A1 Ã 6 into the NSC34 cells. The pSV40-renilla luciferase and pCMV-Flag vectors were included to estimate the background activity of the plasmid. The experiment was performed at least three times and standard error was calculated.
ÃÃÃ P , 0.0001 when compared with non-transfected control, by t-test. (D) Western blot analysis of increasing amounts (1-4 mg) of Stat5A1 Ã 6 that were transiently transfected into SMN2-NSC34 cells is shown. The SMN protein was detected by anti-human SMN antibody. a-Tubulin was used as an internal control. Bottom: the SMN level was determined and normalized with a-tubulin. Transfection was repeated at least three times and mean + SEM was calculated.
Ã P ¼ 0.047 and ÃÃ P ¼ 0.0026 when compared with vector only control, by t-test.
disrupted the binding affinity. The signal-to-background ratios were 3.68:1 to 3.36:1 (SP1) and 3.58:1 to 3.31:1 ( Fig. 4E and  F) . These results suggest that Stat5 may regulate SMN2 expression by recognizing the putative Stat5 binding site.
Knockdown Stat5 did not block SMN2 exon 7 inclusion
To further evaluate the potential role of Stat5 in SMN2 regulation, we used Stat5A dsRNA to knockdown the endogenous The SMN2-NSC34 cells were first treated with sodium vanadate for 5 h prior to nuclear extract preparation. About 3 or 6 ml of induced/non-induced nuclear extract (24-48 mg) was incubated with biotinylated putative Stat5 binding element. (B) The linearity was tested by incubating 0.1-8.1 ml (0.8-64.8 mg) sodium vanadate induced nuclear extract with biotinylated putative Stat5 binding element. R 2 was calculated as 0.9584. Competition analysis was performed by using (C) non-biotinylated putative Stat5 binding element (50 pmol/ml) or (D) consensus Stat5 binding element (AGATTTCTAGGAATTCAATCC, 20 ng/ml) as specific competitors. In addition, (E) non-biotinylated putative Stat5 binding element which carried mutations (CCCCGTCTTTACGTAATACAA, 50 pmol/ml) or (F) transcription factor SP1 binding element (ATTCGATCGGGGCGGGGCGAGC, 50 pmol/ml) were used as non-specific competitors. In each group, 5 ml of vanadate-induced nuclear extract was incubated with biotinylated putative Stat5 binding element and increasing amounts of specific competitors. Experiment was repeated at least three times and mean + SEM was calculated.
ÃÃ P , 0.01 and ÃÃÃ P , 0.001 when compared with group without adding competitor, by t-test.
Stat5 expression (Fig. 5A ) prior to sodium vanadate treatment in SMN2-NSC34 cells. It is clear that SMN level decreased 1.72-fold after Stat5A dsRNA treatment for 48 h (Fig. 5A , lanes 3 and 4 and bottom, and C) suggesting Stat5 has a role in the regulation of SMN2. Full-length SMN2 transcripts remained elevated (Fig. 5A , lane 3) after sodium vanadate treatment; however, the level was less than the vanadatetreatment-only panel (Fig. 5A, lane 2) . These results demonstrate that although knockdown of Stat5 expression may downregulate SMN2 expression, this expression does not affect the SMN2 alternative splicing, suggesting that sodium vanadate treatment may induce dual pathways for transcriptional activation and alternative splicing.
Stat5A1
Ã 6 expression increases the number of nuclear gems in SMA patient lymphocytes Stat5 increases SMN2 expression, suggesting Stat5 may be a potential factor in treating SMA. Most cell lines derived from SMA patients showed defects in the formation of nuclear gems. We therefore investigated whether Stat5 constitutive expression recovered the number of nuclear gems in SMN1-deficient SMA patient lymphocytes. Immunocytochemical analysis showed most control cells contained nuclear gems in their nuclei and in the cytoplasm (Fig. 6A-C) . However, SMN signals were almost undetectable in the cytoplasm and nuclei of SMA patient lymphocytes (Fig. 6D-F) . In some Stat5A1 Ã 6-transfected lymphocytes, however, the SMN signal was detected and the number of nuclear gems increased (Fig. 6I, indicated by arrows) . The SMN protein level increase was confirmed by immunoblot analysis (Fig. 6K) . In comparison with the normal control (72% cells contained nuclear gems), the SMA patients showed extremely low numbers of nuclear gems (only 10-20%). In Stat5A1 Ã 6-transfected SMApatient lymphocytes, the gem number increased 2-3-fold (15-52% in patient 1, 9-35% in patient 3 and 11-45% in patient 4); however, the effect was not significant in patient 2 (18-31%) ( Fig. 6L and M Recent studies have demonstrated that motor neurons lacking Smn reveal an axon outgrowth deficiency but that dendrite extension is not affected (49) . We therefore wanted to evaluate whether Stat5 constitutive expression can modify the defects in axon outgrowth of SMA-like mouse motor neurons in vitro. Primary cultured normal (Smn þ /þ) and heterozygous motor neurons (Smn þ /2; SMN2) showed a normal neurite outgrowth phenotype (Fig. 7A-F) . Most of the heterozygous motor neurons (86.9%) showed extended axons (845.2 + 229 mm, Fig. 8D ) and only a few cells (13.1%) showed shorter axon phenotypes (Fig. 8C) . We observed that in normal and heterozygous motor neurons, a complicated neurite network is frequently formed between motor neuron clusters ( Fig. 7A  and D) . The SMA-like motor neurons (Smn 2 /2; SMN2), however, revealed different phenotypes under the same culture conditions. About 38.9% of the SMA-like motor neurons showed shorter axons (148.2 + 65.07 mm, Fig. 8D ) and the other 61.1% showed axon-less phenotypes (indistinguishable from dendrites, axon , 50 mm) (Figs 7H and 8C ) and did not show neurite networks in cultured conditions (Fig. 7H) . Some SMA-like motor neurons seemed to show normal dendrite outgrowth; however, they showed defective axon extension (Fig. 7H, indicated with an arrow) . Only a few motor neurons showed extended axons; however, they were shorter than Smn heterozygous (Smn þ /2; SMN2) motor neurons ( Figs 7H and 8C ). In addition, some SMA-like motor neurons did not show any neurite outgrowth (Fig. 7H , indicated with an arrowhead). To confirm whether SMN is indeed necessary for motor neuron axon outgrowth, SMA-like motor neurons were transiently transfected with V5-tagged SMN expression vector and motor axon outgrowth was analyzed by immunocytochemical study. Axon outgrowth was clearly detected in SMN transfected SMA-like motor neurons (Fig. 8A , indicated with arrows) but not in those without SMN expression (Fig. 8A, indicated with arrowheads) . The axon length of SMN-recovered SMA-like motor neurons can extend long distances (Fig. 8A , indicated with a dotted line) in the same way as Smn þ /þ motor neurons (Fig. 7A) . However, SMA-like motor neurons without SMN transfection showed Figure 7 . Defects in axon outgrowth of SMA-like motor neurons. Motor neurons were isolated from spinal cord of embryonic day 13.5 embryos and characterized by Hb9 or ChAT staining (red) (C and G) and the axon process was stained with b-III tubulin (green). The wild-type motor neurons (A and B) showed extended long axons and an intact, complicated neurite network (Bar: 200 mm). Smn heterozygous (Smn þ /2, SMN2) motor neurons showed a pattern similar to wild-type motor neurons (C-F). However, a proportion of SMA-like motor neurons (Smn 2 /2, SMN2) showed profound axon outgrowth defects (H, indicated with arrows), only a few motor neurons showed extended axons and some cells failed to form neurite networks, or their axons were indistinguishable from dendrites. DAPI was used for nucleus staining (E and I). The merge images of (C-E) and (G-I) were shown in (F) and (J). Bar: (B-J), 50 mm).
neurite-less or shorter axon patterns (Fig. 8A, indicated with  arrowheads) . This result demonstrates that SMN is an important factor for motor neurons to extend their axons. Stat5A1 Ã 6 transfection also diminished the axon outgrowth defects in SMA-like motor neurons (Fig. 8B, indicated with arrows) , 59 .6% motor neurons with Stat5A1 Ã 6 transfection extended axons (Fig. 8C) , and the axon length was significantly longer compared with SMA-like motor neurons without Stat5A1 Ã 6 over-expression (251.2 + 97.40 versus 148.2 + 65.07 mm, Fig. 8D ). These results demonstrate that Stat5A1 Ã 6 expression in cultured conditions contributes to motor neuron axon outgrowth and diminishes defects found in SMA-like motor neurons.
DISCUSSION
In this paper, we found that the Stat5 molecule can be induced in SMN2-NSC34 cells by treatment with three compounds. Stat5 constitutive activation facilitated SMN2 expression, increased the number of nuclear gems and diminished defects in primary cultured SMA-like motor neurons, suggesting that it can be used as a therapeutic target in treating SMA.
TSA, aclarubicin and sodium vanadate have distinct properties and were previously thought to induce different signaling pathways and cause different cellular events. In our studies, these compounds were found to enhance SMN2 expression Ã 6-transfected SMA-like motor neurons (Smn 2 /2, SMN2, Stat5A1 Ã 6) also showed remarkable axon extension (indicated with arrows and dotted lines) compared with the Stat5A1 Ã 6 non-transfected SMA-like motor neurons (indicated with arrowheads) and formed a similar axon outgrowth pattern to Smn heterozygous motor neurons (Smn þ /2, SMN2). Bar, 20 mm. Motor neurons were characterized with ChAT activity; the axon process was stained with Neurofilament-H. Stat5A1 Ã 6 and SMN were stained with Flag tag and V5 tag, respectively. Most heterozygous motor neurons (86.9%) (C) extended axon (axon length . 100 mm) for a long distance (845.2 + 229 mm) (D , which has shown to be a trans-acting factor in changing the SMN2 alternative splicing, and through activation of SMN gene transcription, most probably due to the AP1-and/or Sp1-dependent pathway (24) . It is believed that compounds that lead to the up-regulation of SMN levels may do so by both transcriptional activation and alternative splicing of the SMN2 gene. However, in this study, we did not identify splicing factors, such as Tra2-b1, which according to this hypothesis should be up-regulated in NSC34 cells after sodium vanadate treatment (data not shown). Stat5 was highly phosphorylated after treatment with these three compounds in SMN2-NSC34 cells, and our results suggest Stat5 activation contributed to SMN2 expression. Nevertheless, using synthetic dsRNA knockdown of Stat5A expression in SMN2-NSC34 cells decreased SMN protein levels. This result directly demonstrated that Stat5A enhances SMN2 expression; however, knockdown of Stat5A expression did not completely block the effects of sodium vanadate treatment in SMN2-NSC34 cells. The fact that full-length SMN2 transcripts remain increased suggests that there are dual effects caused by treatment with these compounds. Stat5 may be induced by effective compounds and facilitate transcriptional activation of SMN2 in motor neurons. Another signaling pathway may be involved in the SR protein regulation and contribute to SMN2 exon 7 incorporation into SMN2 transcripts. Stat5 is regulated through Jak2 tyrosine kinase, and Jak2 tyrosine kinase signaling is involved in the neuroprotective mechanism, which might be useful in preventing the loss of nerve cells in some neurodegenerative diseases (50, 51) . Stat5-induced cell survival promotion is due to regulation of anti-apoptotic protein expression of proteins such as the Bcl-2 family members or caspases, which inhibit or trigger cell death (52 -55) . SMN protein is thought to be an antiapoptotic protein (56, 57) and its anti-apoptotic pathway also involves Bcl-2 protein. It is confusing that sequence analysis showed two conserved Stat5 binding sites (TTCNNNGAA and TTCNNNTAA) in murine Smn promoter but no Stat5 conserved binding site could be found in human SMN2 promoter. We identified an element (CTCNNNTAA) which was similar to the Stat5 binding site that emerged three times in SMN2 promoter. In vitro binding analysis showed that Stat5 has binding affinity to the CTCNNNTAA element (Fig. 4) . This result suggests that Stat5 may regulate SMN2 expression through directly recognizing the putative Stat5 binding element in the SMN2 promoter. Nevertheless, it is also possible that Stat5 works in coordination with other transcription factors and contributes to SMN2 regulation, because we also found other Stat family proteins activated by the three effective compounds. However, in vitro binding assays were not able to prove that the SMN gene is a downstream target for Stat5 in vivo. More experiments such as chromatin immunoprecipiation assay will be needed to further clarify this interaction.
SMN protein is thought to be responsible for b-Actin mRNA transport in axon processes. Lack of SMN protein in motor neurons results in shorter axons and smaller growth cones (49, 58) . We found a large population of primary culture embryonic stage SMA-like motor neurons (Smn 2 /2; SMN2) deficient in axons and dendrite extension and without communication between motor neuron clusters. Loss of communication ability among motor neurons may be caused by axon outgrowth defects and reduced size of growth cones and implicated in some defects in transmitting neural signals. Stat5 activation diminishes motor axon defects in SMA-like motor neurons. This may be the cause of transcriptional activation of SMN2, suggesting that SMN protein is necessary for motor axon outgrowth.
Transcriptional activation of SMN2 could be a practical approach in SMA therapy. Drugs which can change the SMN2 alternative spicing pattern through influencing SR factor expression may also be toxic to cells, because they influence the normal splicing progression of other genes. Bi-functional antisense oligos (59) or specific synthetic exon activators (60) which have been reported to specifically correct SMN2 alternative splicing pattern in vitro also have the potential to treat SMA, although their application still needs to be demonstrated in vivo. To sum up, we propose a model for SMN2 regulation through treating motor neuron-like NSC34 with any of three compounds: TSA, aclarubicin and sodium vanadate (Fig. 9 ). In this model, the Jak2/Stat signaling pathway may be induced by the compounds and Stat molecules, especially Stat5, could form a homodimer, or a heterodimer with other activated forms of Stat proteins, to regulate SMN2 expression. Our findings demonstrate that Stat5 expression enhances SMN2 expression and reduces defects found in SMA, and therefore the Stat5 signaling pathway could be a target for SMA therapy.
MATERIALS AND METHODS
Generation of the human SMN antibody
The pQE expression system (Qiagen, Valencia, CA, USA) was used to express human full-length SMN protein in M15 strain Escherichia coli. Induction and purification of SMN protein by affinity chromatography on nitrilotriacetic acid-chelating agarose were conducted according to the manufacturer's protocols. The purified SMN protein was injected into rabbits with Freund's complete adjuvant (Sigma, St Louis, MO, USA). The antisera obtained from rabbits were used for western blot analysis. Proteins blotted onto polyvinylidene difluoride membranes were incubated with at 1/1000 dilution and labeled with an HRP-conjugated anti-rabbit secondary antibody (Chemicon, Temecula, CA, USA).
Chemicals and dsRNA
The chemicals used to treat the SMA-like MEFs or SMN2-NSC34 cells were purchased from Sigma or Calbiochem (San Diego, CA, USA). Mouse Stat5A dsRNA was purchased from Dharmacon (siGENOME TM , Lafayette, CO, USA).
Constructs
Human SMN2 gene (35.5 kb) was digested from human SMN2 BAC clone 7C by using BamHI and was inserted into the multiple cloning site of Super COS I expression vector (Stratagene, La Jolla, CA, USA). For luciferase assay, the SMN2 promoter (5.4 kb) was digested out using NheI and XhoI and ligated into the pGL3-basic vector (Promega, Madison, WI, USA). The pMX-puro-Stat5A1 Ã 6 plasmid was a gift from Dr T. Kitamaura (University of Tokyo, Tokyo, Japan). The cDNA for the Stat5A1 Ã 6 (constitutive activation mutant with H299R/S711F) was sub-cloned into pGEM-T-Easy vector (Promega) using a primer set (forward: 5 0 -CATGGCGGGC-TGGATTCA-3 0 ; backward: 5 0 -TCAGGACAGGGAGCTTCT-3 0 ). The restriction enzymes NotI and SpeI were used to excise a 2.3 kb fragment and were inserted into pFlag-CMV2 expression vector (Sigma).
Cell culture and chemical/dsRNA treatment
MEFs were prepared using the standard protocol. Briefly, E13.5-day embryo was isolated; the uterine deciduas were cut away and the yolk sac was removed. The embryo was then scraped out to remove non-fibroblastic tissue, and the head severed for genotyping. Embryo body was minced in 0.25% trypsin-EDTA and incubated for 30 min. It was then added to MEF culture media, and the cell suspension spun for 5 min at 200 g. in the tissue culture centrifuge to pellet cells. The supernatant was aspirated off and the cell pellet immediately resuspended in 10 ml of fresh MEF culture media. The MEFs were allowed to reach confluency so the cells could be passaged for further experiments. Cultured MEFs and SMN2-NSC34 cells were maintained in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA, USA) containing 10% heat-inactivated fetal bovine serum (Hyclone, Logan, UT, USA) and 1% penicillin -streptomycin (Invitrogen) and were incubated at 378C in a 5% CO 2 humidified atmosphere. The cells were plated the day preceding the treatment with each chemical and harvested at the indicated time. For the Stat5A knockdown experiment, SMN2-NSC34 cells were grown to 70% confluence in a 12-well culture plate and treated with dsRNA for 48 h, and then treated with sodium vanadate for 4 h. Later, duplicated cells were harvested for RT -PCR or western blot analysis. EB-virus-transformed normal and SMA patient lymphocytes were cultured in a-MEM (Invitrogen), 10% heat-inactivated fetal bovine serum (Hyclone), 1% penicillin -streptomycin as previously described (23) . Isolation and primary culture of motor neuron cells and genotyping of individual embryos were also carried out as previously described (61 -63) . Briefly, the ventrolateral parts of individual lumbar spinal cords were dissected and transferred to HBSS (Hank's Balanced Salt Solution, Sigma). After treatment with trypsin (0.05%, 15 min) (Invitrogen) single-cell suspensions were triturated and the cell suspension passed through a nylon mesh (100 mm pore size). The cells were overlaid on 10% HistoDenz (Sigma) in HBSS. The HistoDenz cushion was centrifuged for 20 min at 250g, and cells from the inter-phase were taken out and transferred to culture medium. Cells were plated at a density of 2000 cells/cm 2 in a four-well chamber slide (Nalge Nunc), pre-coated with polyornithine and laminin (Sigma). Cells were grown in neurobasal medium (Invitrogen) with 5% horse serum (Invitrogen), 5% fetal bovine serum and 500 mM glutamax (Invitrogen) and 1% penicillin -streptomycin at 378C in a 5% CO 2 atmosphere. Fifty percent of the medium was replaced at day 1 and changed every second day. Cells were cultured in the presence of CNTF and BDNF (10 ng/ml) (CytoLab Ltd, Rehovot, Israel). Motor neurons were cultured for 3 days and harvested for further transfection or immunocytochemical analysis.
Semi-quantification PCR/RT -PCR
The genomic DNA from E13.5 SMA embryos was extracted. A specific primer pair (5 0 -TGTAGTGGAAAGTTGGGGA C-3 0 , 5 0 -CCTGGCATTGGGGGTGGTGG AGG -3 0 ) was designed for recognition of both murine Smn and human SMN2. The PCR program initially started with a 958C denaturation for 10 min, followed by 19-26 cycles at 958C/1 min, 538C/ 1.5 min, 728C/2 min to assay the linear range for both Smn and SMN2. For RT -PCR assay, total RNA was extracted at indicated time points from SMN2-NSC34 cells with sodium vanadate, TSA and aclarubicin treatment or with an increasing amount of Stat5A1 Ã 6 transfection by using the TRizol reagent (Invitrogen). To amplify the exon 7 inclusion/exclusion form of SMN2 transcripts, RT -PCR was performed using a primer set P5P6 as previously described (15) . The transcript from the 0 -TGGT GGAGG GAGAAAAGAG TTCC-3 0 ). The PCR program initially started with a 958C denaturation for 5 min, followed by 15-25 cycles at 958C/1 min, 548C/1 min and 728C/1.5 min to assay the linear range for SMN2. The resulting PCR products were electrophoresed on 1.2 or 1.5% agarose gels in TBE buffer (89 mM Tris-base pH 7.6, 89 mM boric acid, 2 mM EDTA) and stained with ethidium bromide (10 mg/ml) and photographed on top of a 280 nm UV light box. The gel images were digitally captured with a CCD camera and analyzed with the AlphaImager TM . To specify the SMN2 copy number, the SMN2 signal was normalized with the endogenous mouse Smn signal. RT-PCR values are presented as a ratio of the FL-SMN2 signal divided by D7-SMN2 in the selected linear amplification cycle normalized by Gapdh, or b-Actin signal. Relative total SMN2 transcript levels were determined from Stat5A1 Ã 6-transfected SMN2-NSC34 cells in a minimum of three independent experiments. Differences in ratios were determined to be significant by an independent two-tailed t-test, with Ã P , 0.05, ÃÃ P , 0.005 and ÃÃÃ P , 0.001.
Western blot analysis
Cells treated with dsRNA, compounds or Stat5A1 Ã 6 transfected were detached by scraping, pelletting and rinsing in phosphate-buffered saline (PBS). Cell pellets were collected after centrifugation and lysed on ice in modified RIPA buffer [50 mM Tris-HCl, pH7.4, 1% NP-40, 0.25% deoxycholic acid, 0.15 M NaCl, 1 mM EDTA, 1 mM PMSF/NaF/ sodium orthovanadate and protease inhibitors cocktail (Roche, Mannheim, Germany)] for 30 min. After centrifugation, the supernatants were collected and kept frozen at 2208C. Protein concentrations were determined by Bio-Rad protein assay method. For western blot analysis, protein samples were boiled for 5 min and electrophoresed on 8 or 10% SDS -polyacrylamide gel in a 1 Â running buffer (25 mM Tris, 192 mM glycine, 3.4 mM SDS, pH 8.3) and subsequently electrotransferred to Polyvinylidene Fluoride tansfer membrane (Pall, Pensacola, FL, USA) using a TE 22 minitank transfer unit (Amersham Biosciences, San Francisco, CA, USA) at 35 V overnight in transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol, pH8.3). The blotting membranes were incubated in blocking solution (PBS, 5% non-fat milk, 0.2% Tween-20) for 1 h at room temperature, and then incubated in the same solution with the primary antibody (rabbit-SMN/1:1000; SMN/1:5000, Transduction Laboratories, Lexington, KY, USA; phospho-Stat5a/b/1:1000, Cell signaling, Beverly, MA, USA; phospho-Jak2/1:1000, Upstate, Lake Placid, NY, USA; Flag BioM2/1:1000, Sigma; c-myc/1:200, Santa Cruz Biotech, Santa Cruz, CA, USA; a-tubilin/1:10000, Upstate) overnight at 48C. The membranes were washed and incubated in the blocking solution with the proper HRP-conjugated secondary antibody at 1/5000 dilution (Chemicon, Temecula, CA, USA) for 1 h at room temperature. After washing three times in PBS containing 0.1% Tween-20, the signals were visualized by autoradiography (Fuji Medical X-ray film, Fuji Photos, Tokyo, Japan) using enhanced chemiluminescence (ECL detection system; Perkin-Elmer, Boston, CA, USA). Western blot quantification was performed by scanning the autoradiographs with a computerized densitometer. Signal intensities were determined by densitometry analysis (Fuji film LAS-1000 plus pictography) using the program Phoreticx 1D (Phoreticx International).
Reporter analysis
For SMN2 gene promoter-derived luciferase assay, the pSMN2-luciferase vector (0.75 mg) was co-transfected with pSV40-Renilla luciferase vector (0.25 mg) and flag-tagged Stat5A1 Ã 6 (2 mg) into the 2 Â 10 5 NSC34 cells using lipofectAMINE2000 reagent (Invitrogen). Cells were harvested 24 h after transfection and relative luciferase activities were measured according to manufacturer's standard procedures (Promega). Statistical analysis comparing SMN2 promoter activity between Stat5A1 Ã 6-transfected to non-transfected NSC34 cells was conducted using an independent two-sided t-test, with ÃÃÃ P , 0.0001.
Sequence analysis
Sequence analysis of the mouse Smn promoter region (NCBI accession number: AF027688) and the human SMN2 promoter region (NCBI accession no. AF187725) were obtained using MacVector software (Accelrys Inc.).
In vitro binding assay
The binding assay was performed by using the NoShift Transcription factor assay kit (Novagen). Briefly, two oligonucleotides that define a putative Stat5 binding site in the SMN2 promoter were synthesized and the 3 0 end labeled with biotin. After annealing, the dsDNA was incubated with the chemical treated or non-treated SMN2-NSC34 nuclear extract for 30 min on ice, and then transferred to a streptavidin plate and incubated for 1 h at 378C. One hour later, the primary antibody (anti-phospho-Stat5/1:200, Santa Cruz, CA, USA) was added and incubated for 1 h at 378C. After washing, the secondary antibody conjugated with horseradish peroxidase was added and incubated for 30 min at 378C. After washing five times, TMB substrate was added and incubated at room temperature in the dark until the blue color developed and then the reaction stopped by adding 1 N HCl; finally, the absorbance at 450 nm was measured with PowerWave 340 reader (BIO-TEK Instruments). Each experiment was performed three times and SEM was calculated. Differences in ratios were determined to be significant by an independent two-tailed t-test, with ÃÃ P , 0.01 and ÃÃÃ P , 0.0001.
Transfection and immunocytochemical analysis
The super COS I-SMN2 was first transfected into NSC34 cells using the LipofectAMINE TM 2000 following manufacturer's protocol and several transfectants were obtained through 500 mg/ml G418 (Calbiochem) selection. Transfectant D9 was used for further studies. For SMA patient lymphocyte transfection, cells were pelleted (5 Â 10 6 ) cells by centrifugation at 200 g. for 3 min and washed twice with ice-cold PBS. The cells were then re-suspended in the pellet in 600 ml PBS, and 10 mg of DNA was added (empty vector or flag tagged Stat5A1 Ã 6 constructs). The cell suspension was then transferred to a cold 0.4 cm gene pulser cuvette (Bio-Rad, Hercules, CA) and the cells were electroporated at 0.95 kV/27 mF. The electroporated cells were then cultured for 36 h and fixed with 4% PFA for 10 min and permeablized on 0.3% Triton X-100 in PBS for 5 min. After blocking with 3% BSA, the cells were incubated overnight at 48C with the following primary antibodies: Flag polyclonal (1:500; Sigma) and SMN (1:500, Transduction Laboratories). Cells were then washed three times with TBS-T (20 mM TrisHCl, pH 7.4, 137 mM NaCl and 0.1% Tween-20) and incubated for 1 h at RT with appropriate fluorescence dye conjugated secondary antibodies (1:500; Molecular Probes, Eugene, OR, USA). DAPI (Sigma) was used for nucleus staining. After mounting with fluorescent mounting medium (DAKO, Carpinteria, CA), the suspended cells were transferred into a chamber, and images were obtained with an LSM 510 laser-scanning confocal microscope. The LSM5 Image Browser software was used for image acquisition. Statistical analysis comparing gem number of control vector transfected group to Stat5A1 Ã 6 transfected lymphocytes was conducted using an independent two-sided t-test, with Ã P , 0.01. For dsRNA knockdown experiment, dsRNA was transfected into SMN2-NSC34 cells by using siIMPORTER reagent (Upstate), followed by manufacturer's standard procedure. For primary motor neuron transfection, 0.1 M polyethylenimine (PEI) reagent (Sigma) was used as previously reported (64) . Opti-MEM (Invitrogen) diluted plasmid DNA (Stat5A1 Ã 6) was added to opti-MEM diluted PEI solution (in 5% glucose) in the same volume while vortexing (giving rise to an N/P ratio of 10). After 15 min incubation, the mixture was added into the culture medium. After 48 h, cells were harvested for immunocytochemical analysis. Neurite outgrowth was quantified by using NeuronJ (65), a JAVA program for neurite tracing and quantification (http:// imagescience.bigr.nl/meijering/software/neuronj/) the same as that previously described (66) . Neurons and their axons were identified by using the Hb9, bIII-tubulin, ChAT or neurofilament-H antibodies (Chemicon). Axon length was measured by tracing and recording the length of all bIIItubulin and ChAT-positive axons. Cells with axons that were not in full view were not included. Total axon length was then divided by the total number of cells, generating a mean axon length per cell within each test group. The SEM was determined and mean axon outgrowth was plotted as a percentage of the control group. Statistical significance: ÃÃÃ P , 0.0001, when Stat5A1 Ã 6-transfected SMA-like motor neurons were compared with control vector transfected groups.
Statistical analysis
Experiments were confirmed in at least three independent results. Data were analyzed by Prism 4 software (GraphPad Inc.). The statistical significance of any difference was determined by applying the two-tailed t-test. The difference was considered statistically significant at P , 0.05.
